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Abstract
For kidney transplant recipients, immunosuppression commonly consists of combination treatment with a calcineurin inhibitor, an antiproliferative agent and a corticosteroid. Many medical centers use a sequential immunosuppression regimen where an induction agent, either an anti-thymocyte globulin or interleukin-2 receptor antibody, is given at the time of transplantation to prevent early acute rejection which is then followed by a triple immunosuppressive maintenance regimen. Very low rejection rates have been achieved at many transplant centers using combinations of these agents in a variety of protocols. Yet, a large number of recipients suffer chronic allograft injury and adverse events associated with drug therapy. Regimens designed to limit or eliminate calcineurin inhibitors and/or corticosteroid use are actively being pursued. An ideal immunosuppressive regimen limits toxicity and prolongs the functional life of the graft. This article contains a critical analysis of clinical data on currently available immuno-suppressive strategies and an overview of therapeutic moieties in development.
INTRODUCTION
Advances in immunosuppressive strategies over the past decades have led to significant improvements in the field of renal transplantation. Cyclosporine revolutionized transplant practice by lowering acute rejection rates and improving short-term graft survival in the 1980s. Posttransplant outcomes improved further with tacrolimus and mycophenolic acid in the 1990s. Additionally, the use of induction immunosuppressive agents has lowered early acute rejection rates. Despite these advances, clear evidence for a beneficial effect on long-term graft survival is lacking as chronic allograft nephropathy continues to threaten the renal allograft. With newer immunosuppressive regimens, immunologic causes of early graft failure have become rare. However, late graft loss has remained virtually unchanged over the last few decades, because of the persistence of chronic allograft injury. The use of newer immunosuppressive agents and the use of mTOR inhibitors are evolving strategies that aspire to minimize lifelong exposure to calcineurin inhibitors and corticosteroids and improve long-term outcomes.
Current state of renal transplant immunosuppression: Present and future

GUIDELINES FOR CLINICAL PRACTICE
Currently available immunosuppressive agents can be classified into three categories: "induction agents", "maintenance therapy" and "treatment for rejection". Induction agents are typically polyclonal antibodies (antithymocyte globulins) and interleukin (IL)-2 receptor antagonists (basiliximab). New induction agents include alemtuzumab, efalizumab and alefacept. The four drug classes that comprise maintenance regimens include calcineurin inhibitors (cyclosporine and tacrolimus), mTOR inhibitors (sirolimus and everolimus), antiproliferative agents (azathioprine and mycophenolic acid), and corticosteroids (Tables 1 and 2 ). Potential improvements to the calcineurin inhibitor class include a prolonged release tacrolimus formulation and voclosporin, a cyclosporine analog. Three new maintenance agents with novel mechanisms of action include: sotrastaurin, a protein kinase C inhibitor; belatacept, a recently approved costimulation blocker; and tofacitinib, a JAK 3 inhibitor (Table 3) . Transplant rejection can be easily divided into acute cellular rejection and acute humoral rejection. Treatment for mild cellular rejection involves corticosteroids whereas moderate to severe rejection is typically treated with antithymocyte globulins. Humoral rejection is more difficult to treat and typically is treated with intravenous immunoglobulin and plasmapheresis. Investigational treatments for antibody mediated rejection include bortezomib and eculizumab.The purpose of this review is to consolidate the published evidence of the effectiveness and safety of current immunosuppressive agents and explore potential new immunosuppressive agents.
INDUCTION AGENTS
Induction therapy is primarily used to avoid early acute rejection which is historically known to predict subsequent graft loss. There are currently three antibodies which are used for induction therapy -basiliximab; antithymocyte globulin; and alemtuzumab. Investigational agents with less published evidence include efalizumab and alefacept. A comprehensive review of the pharmacology and therapeutics of induction agents was recently published [1] .
Basiliximab (Simulect ® , Novartis)
It is an IL-2 receptor antagonist which is the only food and drug administration (FDA) approved induction agent in renal transplantation. Dosed at 20 mg and administered at the time of and 4 d following transplantation, basiliximab has few adverse reactions or drug interactions. Basiliximab has demonstrated a statistically significant reduction in the incidence of acute rejection in three clinical trials, two of which used a maintenance regimen of cyclosporine and corticosteroids without an antimetabolite [2, 3] . The third trial included azathioprine in the maintenance regimen and had a 20.8% rejection rate in the basiliximab arm compared to a 34.9% rate in the placebo arm [4] . None of these trials demonstrated a significant difference in patient or graft survival. Using a more contemporary regimen, a recent trial comparing basiliximab to placebo (using cyclosporine, corticosteroids, and mycophenolate mofetil for maintenance) demonstrated a trend towards reduced incidence of acute rejection in the treatment group (15.3% vs 26.6%), although it did not reach statistical significance [5] .
Rabbit anti-thymocyte globulin (Thymoglobulin ® , Genzyme)
They are antibodies derived from rabbit sources which are commonly used induction agents although they are approved for corticosteroid resistant rejection. These antibodies are FDA approved for treatment of acute rejection at a dose of 1.5 mg/kg for 7-14 d, based on the results of a multi-center, double-blind randomized trial [6, 7] . Although rabbit anti-thymocyte globulin (rATG) is not currently FDA approved as induction therapy for kidney transplantation, it is the most commonly administered agent for this purpose. Reported induction doses range from 1-6 mg/kg per dose over 1-10 d with a more typical regimen of 1.5 mg/kg for 3-5 d [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Common adverse events include cytokine release syndrome, leukopenia and thrombocytopenia. A comprehensive review on the use of anti-thymocyte globulins can be found in the literature [17] .
rATG and basiliximab were compared in two multicenter induction trials in combination with cyclosporine, mycophenolate mofetil and corticosteroids. In the first trial, basiliximab (with early initiation of cyclosporine) compared to rATG (with delayed cyclosporine initiation), produced a similar incidence of acute rejection and similar patient and graft survival at 12 mo post transplantation in low risk patients [18] . There were fewer cytomegalovirus infections (P = 0.005) in the basiliximab group, but the percentage of clinically significant cytomegalovirus cases was not statistically different and cytomegalovirus prophylaxis was not used. In contrast, results of the larger second trial, using moderate to high-risk deceased donor recipients, demonstrated an improved combined endpoint for the incidence of rejection, graft loss, and patient death that favored rATG (19.1% vs 31.6%, P = 0.01) [19, 20] . Most of the benefit in combined endpoints was attributed to the decreased incidence of acute rejection (14.2% vs 25%, P = 0.013).
Alemtuzumab (Campath ® , Berlex Laboratories)
A recombinant DNA-derived humanized monoclonal antibody that is directed against CD52, is currently a FDA approved treatment for B-cell chronic lymphocytic leukemia. However, it has been used off label for induction therapy and in the treatment of acute rejection [21, 22] . Infusion reactions may occur as it is given intravenously asa one-time dose of 30 mg. The subcutaneous route has also been studied, although this method of administration is not FDA approved [23] .
The early use of alemtuzumab in renal transplant recipients was associated with intense and prolonged lymphocyte depletion, increased antibody-mediated graft rejection, and increased rates of serious infection [24] [25] [26] , and until recently only a few, small, randomized trials have been published [27] [28] [29] . The largest, multicenter, randomized trial of alemtuzumab induction was stratified by risk: low-risk (alemtuzumab vs basiliximab, n = 335) or high risk patients (alemtuzumab vs rabbit antithymocyte globulin, n = 139) [30] . All patients received tacrolimus, mycophenolate mofetil and early steroid withdrawal. Expanded criteria donors and donors without a heartbeat were excluded. The rate of biopsy-confirmed acute rejection was significantly lower in the alemtuzumab group than in the conventional-therapy group (low and high risk combined) at 3 years of follow up (13% vs 20%, P = 0.03). However, this benefit did not translate to improved graft survival or improved renal function. The apparent superiority of alemtuzumab was restricted to patients at low risk for transplant rejection (acute rejection rates at 3 years: 10% vs 22%, P = 0.003). Among high-risk patients, alemtuzumab and rabbit antithymocyte globulin had similar efficacy. The lower acute rejection rates achieved in the conventional therapy group should be weighted with the risk of infection and cancer. The rate of serious adverse events related to cancer was higher in the conventional therapy group whereas the low risk alemtuzumab group suffered persistent leukopenia and a higher rate of serious infections. 53 August 24, 2012|Volume 2|Issue 4| WJT|www.wjgnet.com 
Efalizumab
A once weekly subcutaneous injection, works as an immunosuppressant by binding to the CD11a subunit of lymphocyte function-associated antigen 1 (LFA-1) and inhibiting white blood cell migration. Efalizumab (Raptiva ® , Genentech) was indicated for the treatment of chronic moderate-to-severe plaque psoriasis, but has been associated with an increased risk for progressive multifocal leukoencephalopathy and was withdrawn from the market in April of 2009 [31] . Clinical trials in renal transplant recipients have not been successful. Although patient survival, graft survival and acute rejection rates were equal in a trial of efalizumab (0.5 or 2 mg/kg administered weekly via subcutaneous route for 12 wk), cyclosporine, mycophenolate mofetil and steroids vs half-dose cyclosporine, sirolimus and prednisone (n = 38), 3 patients (8%) treated with the higher dose of efalizumab developed post-transplant lymphoproliferative disease [32] . A study that planned to replace the calcineurin inhibitors with efalizumab, soon after transplantation, in patients with mild impairment of renal function was also terminated.
Alefacept (Amevive ® , Astellas Pharmaceuticals)
A CD2-LFA3 co-stimulation inhibitor [33, 34] , is FDA approved for treatment of moderate-to-severe chronic plague psoriasis in adults at a dose of 15 mg/wk intramuscularly for 12 wk. The most common adverse event is lymphopenia, therefore dosage adjustments are made by monitoring CD4+ lymphocyte counts. In a study of multiple courses of alefacept, no cumulative adverse effects were seen [35] , although infections and malignancy may occur in patients treated with alefacept and liver function should be monitored.
Alefacept is currently being developed for use in conjunction with tacrolimus, mycophenolate mofetil and steroids for renal transplantation. A phase Ⅱ, multicenter, randomized, double-blinded, placebo controlled, parallel arm study in adult kidney transplant patients compared alefacept (n = 105) to placebo (n = 107) [36] . Exclusion criteria were HLA identical recipients, expanded criteria donors/donation after cardiac death, and recipients with panel reactive antibody greater than 20%. Alefacept treated patients received 7.5 mg of alefacept intravenously on days 0 and 3, 15 mg subcutaneously on day 7 and then weekly for a total of 12 wk. An abstract presented at the American Transplant Congress in 2011 reported that at 6 mo of follow-up, the incidence of delayed graft function, renal function, biopsy proven acute cellular rejection, patient survival and graft survival were similar [36] . The overall incidence of infection was similar although there appeared to be a higher rate of CMV in the alefacept arm (14.3% alefacept vs 7.5% placebo) and a lower incidence of BK infection (2.9% alefacept vs 9.4% placebo; no p values reported). The incidence of malignancy was higher in the alefacept arm (6.7% vs 0.9%, no P value reported). CD4+ and CD8+T memory cell subsets were lower in alefacept arm at 12 wk after transplant. A four arm study with calcineurin reduction, mycophenolic mofetil replacement, alternative alefacept dosing and control is ongoing.
It is now common practice in the transplant community to select induction therapy on the basis of risk-benefit considerations for each patient. The Kidney Disease: Improving Global Outcomes (KDIGO) Clinical Practice Guidelines recommend including induction therapy with a biologic agent as part of the initial immunosuppressive regimen in kidney transplant recipients (Grade 1A Recommendation) [37] . They recommend that an IL-2 receptor antagonist be the first line induction therapy (Grade 1B Recommendation) and suggest the use a lymphocytedepleting agent, rather than an IL-2 receptor antagonist, for recipients at high immunologic risk (Grade 2B Recommendation).
Despite these new recommendations, there are many unanswered questions relating to the use of potent induction agents. Induction agents have been associated with increased short-term costs and may contribute to an overall increased immunosuppressive state. Many centers are hesitant to use potent induction therapy because of the risks of infection or malignancy and lack of long-term data needed to determine a graft survival benefit. The choice of an induction agent remains debatable. However, basiliximab may be preferred for lowrisk patients while rATG may be preferred for high-risk patients. Recently, alemtuzumab has also shown promise in low-risk patients, but a trial comparing basiliximab to alemtuzumab should be conducted to assess efficacy, the risk of cancer, and infection. Early results with efalizumab were disappointing but future results of alefacept trials are eagerly awaited.
MAINTENANCE THERAPY
Calcineurin inhibitors
Over the last two decades, calcineurin inhibitors have been extensively used in post-transplant immunosuppressive regimens and have secured a vital place in today's 54 August 24, 2012|Volume 2|Issue 4| WJT|www.wjgnet.com Table 3 Non-food and drug administration approved/investigational agents and their mechanism Name Mechanism of action solid organ post-transplant care for prevention of acute rejection and prolonging and graft survival. Cyclosporine (Neoral ® , Novartis) and tacrolimus (Prograf ® , Astellas) are calcineurin inhibitors that primarily suppress the activation of T lymphocytes by inhibiting the production of cytokines, specifically IL-2. Calcineurin inhibitors are associated with numerous toxicities that are often dose dependent. Hirsutism, gingival hypertrophy, hypertension and hyperlipidemia are more commonly encountered with cyclosporine treatment than with tacrolimus whereas neurotoxicity, alopecia, and potentially post-transplant diabetes are more commonly encountered with tacrolimus treatment than with cyclosporine. Potential drug interactions are important to recognize and vigilance is required when adding or adjusting any agent that may affect calcineurin inhibitors levels, usually by inducing or inhibiting the cytochrome P450 3A pathway. Both calcineurin inhibitors can be given intravenously or orally and are adjusted based on serum blood concentrations. Several landmark trials have compared the available calcineurin inhibitors. The first two multicenter studies have compared tacrolimus to microemulsion cyclosporine using the combination of calcineurin inhibitors, azathioprine and corticosteroids [38, 39] demonstrated a significant decrease in acute rejection with tacrolimus, but there was no difference in patient or graft survival post transplantation [38, 39] . The next study randomized first deceased donor recipients to one of three immunosuppressive regimens (all included corticosteroids): (1) tacrolimus with azathioprine; (2) tacrolimus with mycophenolate mofetil; and (3) microemulsion cyclosporine and mycophenolate mofetil [40] . Acute rejection rates were similar in each group (≤ 20%) but the incidence of corticosteroid resistant rejection was lower in the tacrolimus arms. A 3-year follow-up found no statistically significant difference in renal function, patient or overall graft survival, but improved graft survival in recipients with delayed graft function in the tacrolimus arms [40] . In agreement with this data, ameta-analysis reported that for every 100 patients treated with tacrolimus rather than cyclosporine for the first year, 12 would be prevented from having acute rejection, 2 would be prevented from having graft failure, but 5 would develop new onset diabetes after transplantation [41] . In more recent evidence, the Elite Symphony trial demonstrated the low dose cyclosporine regimen to be not as effective as the low dose tacrolimus regimen [42] . As a result these trials, the KDIGO Clinical Practice Guidelines suggest that tacrolimus should be the first-line calcineurin inhibitor for renal transplant recipients (Level of recommendation 2A) [37] .
Regardless of which agent is utilized, compliance is essential to prevent poor outcomes after transplantation. For this reason, a prolonged release tacrolimus formulation is being developed to improve adherence of the medication regimen in post-transplant patients. Prolonged release tacrolimus (Advagraf ® , Astellas) has been approved for use in various European countries and Canada.
In a large, randomized, open label, phase Ⅲ study, 668 de novo kidney transplant recipients were studied for efficacy and safety of prolonged release-tacrolimus compared to tacrolimus and cyclosporine. Excellent patient and graft survival were achieved (> 93%) in all arms [43] . Silva et al [43] reported efficacy failure (death, graft failure, or acute rejection) of 14.0%, 15.1% and 17.0% in prolonged release-tacrolimus, tacrolimus and cyclosporine groups respectively; however, the study also reported that 10.3% of prolonged release tacrolimus patients had a biopsy proven acute rejection compared to 7.5% in tacrolimus and 13.7% in the cyclosporine groups. Krämer et al [44] also reported similar patient survival (97.5% vs 96.9%) and graft survival rates (92.8% vs 91.5%) among prolonged release tacrolimus and twice daily tacrolimus patients in a Phase Ⅲ trial. Table 4 summarizes the adverse event/side-effect profiles of prolonged release tacrolimus and tacrolimus [43] .
Various studies have suggested that the tacrolimus levels measured were slightly lower with prolonged release tacrolimus group compared to twice daily tacrolimus patients [45, 46] . However, the efficacy measures were similar in both the groups. Serum creatinine, creatinine clearance and estimated glomerular filtration rate for both the formulations were very similar at 1 mo, 6 mo and 12 mo suggesting a non-inferior nephrotoxicity profile. As reported by various studies, there is a slightly increased incidence of biopsy proven acute rejection in the prolonged release tacrolimus groups [43, 44] and therefore patients changing therapy should be monitored closely. Prolonged release tacrolimus has shown to have a noninferior efficacy profile with the added benefit of a convenient daily dosing which is expected to improve patient compliance.
Over the last two decades there have been significant 55 August 24, 2012|Volume 2|Issue 4| WJT|www.wjgnet.com improvements in transplantation, in large part due to the decreased incidence of acute rejection with the use of calcineurin inhibitors. This success has come at the expense of associated adverse side effects, including metabolic side effects that are risk factors for cardiovascular disease and cerebrovascular disease. Long-term use of these drugs has been associated with the development of chronic allograft nephropathy. New immunosuppressive agents that eliminate these issues are needed. Voclosporin, (ISA 247, Isotechnika Pharma, Inc.) is a novel calcineurin inhibitor that is being studied in solid organ transplant and autoimmune disease [47] [48] [49] [50] . Early animal studies demonstrated that voclosporin, a cyclosporine analogue, had a higher affinity and greater in-vivo potency [51, 52] . PROMISE, a phase Ⅱb trial (completed in May 2008) of 334 renal transplant recipients compared low (0.4 mg/kg), medium (0.6 mg/kg) and high (0.8 mg/kg) dose voclosporin to tacrolimus (0.05 mg/kg), in combination with a standard immunosuppressive regimen and reported rejection rates of 11%, 9%, 2%, and 6% respectively with similar renal function at 6 mo after transplantation [47] . While most adverse reactions were similar, the incidence of new onset diabetes after transplantation was significantly lower in the low dose voclosporin group [53] . Voclosporin shows promise as an immunosuppressant in renal transplantation although Phase Ⅲ efficacy trials are warranted.
mTOR inhibitors
Although calcineurin inhibitors have significantly lowered acute rejection rates, they are direct nephrotoxins and exhibit several other side-effects. Calcineurin sparing regimens are an attractive immunosuppressive option that may minimize the risk of long-term graft loss while maintaining low rates of acute rejection. A potential alternative to the calcineurin inhibitor-based regimens are mTOR inhibitors (mammalian target of rapamycin). Two agents, sirolimus and everolimus, have been developed and FDA approved with the hopes of achieving this goal.
Sirolimus (Rapamune ® , Pfizer) binds to FKBP-12, an intracellular protein, to form an immunosuppressive complex which inhibits the regulatory kinase, mTOR. This inhibition suppresses cytokine mediated T-cell proliferation, halting progression from the G1 to the S phase of the cell cycle. Sirolimus, dosed orally once daily, is associated with a number of adverse effects, including leukopenia, thrombocytopenia, anemia, mucositis, hypercholesterolemia, and hypertriglyceridemia. De novo use of sirolimus has been associated with delayed wound healing, lymphocele formation, and prolonged delayed graft function [54, 55] . Dose adjustments are based on target trough levels of 5-15 ng/mL.
Sirolimus may have a favorable role in calcineurin inhibitor-free maintenance therapy [56, 57] , but caution is warranted in calcineurin inhibitor sparing regimens, as nephrotoxicity and rejection are still concerns. Several investigators have performed trials with mTOR inhibitors in hopes of attaining calcineurin sparing regimens. In the Spare-the-Nephron trial, a calcineurin free regimen of sirolimus and mycophenolate mofetil was compared to cyclosporine and mycophenolate mofetil. At 2 years of follow-up, renal function was not different [58] . The CON-VERT trial studied 830 renal allograft recipients who were receiving cyclosporine or tacrolimus from 6 to 120 mo post-transplant. The participants were randomly assigned to continue calcineurin inhibitor (n = 275) or convert from calcineurin inhibitor to sirolimus (n = 555) [59] . Success with sirolimus was only observed in a subgroup of patients with a baseline glomerular filtration rate more than 40 mL/min and urine protein to urine creatinine ratio less than or equal to 0.11.ORION (Optimizing Renal Transplant Immunosuppression to Overcome Nephrotoxicity), another calcineurin sparing trial was recently halted because of high acute rejection rates in the elimination arm. The trial, only presented in abstract form [60] , is a three-arm study of 450 de novo patients evaluating a sirolimus/mycophenolate mofetil/steroids combination, sirolimus/tacrolimus-elimination at 12 wk/steroid vs a standard regimen consisting of tacrolimus/mycophenolate/steroids. All patients in this study received daclizumab induction therapy. At 2 years, patient and graft survival and glomerular filtration rate were not different between groups. The urinary proteinuria to creatinine ratio was significantly higher in both sirolimus-containing arms when compared with the tacrolimus group.
Everolimus (Zortress ® , Novartis) is a sirolimus-derivative with a much shorter half-life that recently received FDA approval for renal transplantation. Everolimus is also approved for treatment of advanced renal cell cancer subependymal giant cell astrocytoma and unresectable pancreatic neuroendocrine tumors (Afinitor ® , Novartis). Everolimus, initially dosed at 0.75 mg orally twice daily followed by routine serum drug concentration monitoring, has an adverse events profile similar to sirolimus.
Efficacy of everolimus 1.5 mg/d vs 3 mg/d with steroids and low-exposure cyclosporine without induction (n = 237) or with induction (basiliximab, n = 256) has been studied [61] . In this study, the use of an induction agent eliminated the need for high dose everolimus. Six months biopsy-proven acute rejection occurred in 25.0% and 15.2% of patients (P = 0.073) in the 1.5 and 3 mg/d groups without induction, and 13.7% and 15.1% in the study groups with induction (P = 0.859). Calculated glomerular filtration rates (62-67 mL/min) and adverse events were similar in all arms.
Everolimus was compared to mycophenolate mofetil in a recent trial (n = 583) [62] . As part of triple-drug immunosuppression, everolimus (1.5 mg/d or 3 mg/d) was as efficacious as mycophenolate mofetil, although the sideeffect profile featured increased adverse events. In combination with cyclosporine and corticosteroids, the incidences of primary efficacy failure at 36 mo (biopsy-proven acute rejection, graft loss, death, or loss to follow-up) were 33.7%, 34.0% and 31.1% for everolimus 1.5 mg/d, everolimus 3 mg/d, and mycophenolate mofetil, respectively (P = 0.810). Discontinuation of therapy due to adverse events (hemolytic uremic syndrome, lymphoproliferative disease, and proteinuria, and higher serum creatinine) was more frequent in the everolimus arm compared to the mycophenolate mofetil arm.
Early elimination of calcineurin inhibitor by use of everolimus-based immunosuppression may improve renal function while maintaining efficacy and safety outcomes in selected patients. In a recent study, everolimus replaced calcineurin inhibitors at 4-5 mo after transplantation [63] . In this multicenter, European, open-label study (ZUES), 300low to moderate risk renal transplant patients initially received basiliximab induction, and cyclosporine, entericcoated mycophenolate sodium, and corticosteroids for maintenance. They were randomly assigned in a 1:1 ratio to undergo calcineurin-inhibitor elimination (everolimusbased regimen that was based on trough concentrations (6-10 ng/mL) and enteric-coated mycophenolate sodium with corticosteroids), or continue standard cyclosporinebased treatment. At the time of conversion the mean glomerular filtration rate in both groups was above 60 mL/min. At 12 mo, the everolimus regimen was associated with a significant improvement in glomerular filtration rate in comparison to the cyclosporine regimen (mean difference +9.8 mL/min). Rates of biopsy-proven acute rejection were higher in the everolimus group than in the cyclosporine group after randomization (10% vs 3%, P = 0.036), but similar at the end of the study period (15% vs 15%). Compared with the cyclosporine regimen there were higher mean lipid concentrations, slightly increased urinary protein excretion, and lower hemoglobin concentrations noted with the everolimus regimen; thrombocytopenia, aphthous stomatitis, and diarrhea also occurred more often in the everolimus group.
The de novo use of sirolimus inhibitors has been proven to be comparable to calcineurin inhibitor, while it has been associated with early post-transplant adverse events including lymphoceles, prolonged delayed graft function and poor wound healing [56, 57] . Likewise de novo us of everolimus in combination with induction has produced adequate rates of acute rejection, although adverse events were common [61, 62] . It appears the sirolimus conversion is only successful in a subgroup of patients with a baseline glomerular filtration rate more than 40 mL/min and urine protein to urine creatinine ratio less than or equal to 0.11 [59] . Likewise, the ZUES study demonstrated the everolimus conversion is possible in low to moderate risk patients with normal renal function, although this may come at the expense of a higher acute rejection rate. In summary, the best evidence for calcineurin withdrawal with mTOR inhibitors is in selected patients. Close monitoring of drug concentration levels and adverse events is warranted. Whether calcineurin inhibitor-free/sparing regimens using mTOR inhibitor maintenance therapy is efficacious in the long term remains unknown.
Antiproliferative agents
Antiproliferative agents are usually considered the "third agent" in triple immunosuppressive regimens, providing additive effects, but less essential than the calcineurin inhibitor or the corticosteroid component. Azathioprine and mycophenolic acid are the commonly used agents in this category. Currently there are two forms of mycophenolic acid available on the market, mycophenolate mofetil (MMF, CellCept ® , Roche Laboratories) and mycophenolatesodium (EC-MPS, Myfortic ® , Novartis Pharmaceuticals).
Azathioprine (Imuran ® , GlaxoSmithKline) is a purine analog that inhibits DNA replication and suppresses B and T cell proliferation. Typical doses of azathioprine range from 1-2.5 mg/kg per day, adjusted for leukopenia. The primary adverse effects of azathioprine are doserelated bone marrow suppression and gastrointestinal disturbances. Other rare, but serious, adverse events like pancreatitis and elevations in liver function tests, paired with a potential serious drug interaction with allopurinol have limited the use of azathioprine.
Mycophenolic acid is an organic synthetic derivative of the natural fermentation product mycophenolic acid and causes noncompetitive reversible inhibition of inosine monophosphate dehydrogenases (IMPDH). This interferes with the de novo pathway of purine synthesis and DNA replication, producing cytostatic effects on T and B cells. Mycophenolate mofetil is rapidly converted to mycophenolic acid in the liver and enterohepatic recirculation of mycophenolic acid may occur. Typical doses of mycophenolate mofetil range from 500-1500 mg orally twice daily. Magnesium and zinc containing products should not be co-administered with mycophenolic acid. Common adverse effects of mycophenolate mofetil include nausea, diarrhea, leukopenia, and thrombocytopenia.
The efficacy of mycophenolate mofetil in renal transplantation has been reported in several trials. Mycophenolate mofetil-treatment groups demonstrated a reduced incidence and severity of early rejection episodes as compared to azathioprine-treated patients in treatment regimens consisting of tacrolimus plus corticosteroid as well as cyclosporine plus corticosteroids [64] . Follow-up of the Tri-continental mycophenolate mofetil study at 3 years found the decreased incidence of early rejection in the mycophenolate mofetil arm had not translated into a significant improvement in graft function or survival [65, 66] . As a result of the summative evidence from these trials, the KDIGO Clinical Practice Guidelines suggest that mycophenolate be the first-line antiproliferative agent (Level 2B Recommendation) [37] .
Mycophenolate mofetil is often associated with upper and lower gastrointestinal side effects that are dose related. Enteric-coated mycophenolate sodium has been developed to help circumvent the upper gastrointestinal side effects by facilitating release in the small intestine [67] . Two major clinical trials demonstrated that enteric coated mycophenolate sodium is therapeutically equivalent to mycophenolic mofetil, and that both drugs have a similar incidence and severity of side effects [68, 69] . These trials did not demonstrate a statistically significant difference in overall gastrointestinal symptoms when patients were given equivalent doses of mycophenolate mofetil or enteric-coated mycophenolate sodium (250 mg of mycophenolate mofetil is equivalent to180 mg of enteric coated mycophenolate sodium).
Other clinical trials that have been published since enteric coated mycophenolate sodium was approved have attempted to explore the gastrointestinal profiles of the two formulations of mycophenolic acid [70] [71] [72] . Many trials have proven a beneficial effect of enteric coated mycophenolate sodium [70] [71] [72] [73] [74] [75] [76] [77] [78] while others have not reported a difference in gastrointestinal related adverse effects between mycophenolate mofetil and enteric coated mycophenolate sodium [79] [80] [81] [82] . In the myTIME, Progris and myGAIN [72, 81, 82] studies, patients reported improvement in their perception of change in GI symptom burden after conversion to enteric coated mycophenolate sodiumusing the self-administered GSRS questionnaire, overall treatment effect (OTE) scale for gastrointestinal symptoms and OTE scale for health-related quality of life questionnaires.
It is possible that gastrointestinal events are multifactorial (infectious etiology, related to gastroparesis or other concomitant medications) and enteric coated mycophenolate sodium may offer benefit to specific populations. If a patient fails mycophenolate mofetil because of the gastrointestinal side effects, then the patient may benefit if switched to enteric coated mycophenolate sodium. Also, if the patient is predisposed to gastrointestinal disorders, then enteric coated mycophenolate sodium may be a better initial choice for the patient. These perceived benefits should be weighed with the cost savings associated with generic mycophenolate mofetil.
Mizoribine is a purine analog that was identified and developed in Japan in the 1970s and has been used in Japan since 1984 as an immunosuppressive agent. It has been registered in Japan for the prevention of rejection in renal transplantation and for the treatment of lupus nephritis, rheumatoid arthritis and nephritic syndrome. Mizoribine selectively inhibits IMPDH and guanosine monophosphate synthetase. This prevents the synthesis of guanine nucleotides (GMP) from inosine monophosphate in activated leukocytes [83, 84] . The deficiency of guanosine monophosphate (GMP) causes T-cell inactivity and therefore a deficiency of immune response upon antigen presentation. Mizoribine also affects the humoral response by directly inhibiting the proliferation of B-cells and cell-mediated immunity [84] .
Mizoribine has been used only in Japan and a few other Asian countries; it has not been extensively used in other countries since there were alternative FDA approved antimetabolite immunosuppressants such as azathioprine and mycophenolic acid which have been shown to be efficacious. Mizoribine has been studied as an adjunct medication to standard calcineurin inhibitor immunosuppressive regimens to reduce the need for a higher dose of calcineurin inhibitors which may precipitate various adverse reactions such as nephrotoxicity, hyperlip-idemia, diabetes, and osteoporosis apart from other less serious adverse events. Multiple clinical trials with 4906 cases receiving mizoribine for kidney transplantation and other disease states showed leukopenia, abnormal hepatic function, rash, increased levels of uric acid, and vomiting to be the most common adverse reactions. The incidence of adverse reactions was reported to be in about 0.5% of the mizoribine treated patients [85] .
Historically mizoribine 1-3 mg/kg per day has been used as a substitute for azathioprine in combination with lower doses of cyclosporine and steroids. A clinical study comparing the cyclosporine/azathioprine and cyclosporine/mizoribine regimens showed the mizoribine group to be equally immunosuppressed with fewer side effects such as myelosuppression and liver dysfunction [86] . However a few clinical studies in the late 1980s showed the 1-3 mg/kg per day dose to be slightly less efficacious and have fewer adverse effects compared with azathioprine+ cyclosporine+ steroid therapy [87] . Due to this conflicting evidence, mizoribine was not well received in the western world. Akiyama et al [88] showed that a high dose (5 mg/kg per day) regimen has significantly higher rejection-free rates within 3 mo after transplantation (85%) compared with a 3 mg/kg per day low dose regimen (64.9%) and a 3-5 mg/kg per day intermediate dose regimen (65.1%). Tanabe et al [86] reported that the 10-year survival of cyclosporine/mizoribine was equivalent to cyclosporine/ azathioprine. Tanabe et al [86] also showed mycophenolate mofetil and mizoribine based tacrolimus regimens to have similar rejection rates (24%) [89] . Considering various trials, mizoribine may have a place in the post-transplant care of patients who are not successful with the mycophenolic acid regimen for adequate immunosuppression.
Novel mechanisms
The protein kinase C inhibitor sotrastaurin (AEB071, Novartis) is an inhibitor of early T-cell activation via a calcineurin inhibitor independent pathway. Activation of the T-cell receptor plus CD28 results in T-cell activation via protein kinase C signaling and IL-2 production. It is in development for prevention of organ rejection after renal transplantation and treatment of psoriasis [90, 91] . Sotrastaurin has shown to have a good tolerability profile with few adverse effects [92] . The most common adverse effects include nausea, vomiting and headache. Elevated liver function tests, tachycardia, serum creatinine elevation, hypertension and dyslipidemia were reported less frequently [92] . An important drug interaction between sotrastaurin and tacrolimus should be noted. In a phase Ⅱ trial, tacrolimus doses were 47% lower when combined with sotrastaurin vs with mycophenolic acid [93, 94] .
Initial phase Ⅱ trials evaluating the effectiveness of sotrastaurin were disappointing and were stopped early due to an increase in acute rejection in sotrastaurin treated groups [92] . In this trial patients were initially placed on sotrastaurin and steroids plus either standard exposure tacrolimus or reduced exposure tacrolimus. A control arm consisted of standard exposure tacrolimus, mycophenolic acid and corticosteroids. Three-month follow-up indicated equivalent outcomes. At this phase of the trial (3 mo), patients in the sotrastaurin arms were eligible for conversion to mycophenolic acid in place of tacrolimus. After conversion, there was a significantly higher acute rejection rate in the sotrastaurin groups. The incidence of new-onset diabetes in the control group was 14.9% as compared to 6%-8% in the sotrastaurin groups. However, the median estimated glomerular filtration rate was not significantly different for the two study groups compared with the control group at any time point. A second phase Ⅱ study utilized a de novo calcineurin-free regimen of sotrastaurin, mycophenolic acid, and steroids and was compared with the control group of tacrolimus, mycophenolic acid, and steroids [95] . Again, a higher acute rejection rate was noted in the sotrastaurin group, and the trial was halted. A third phase Ⅱ trial studying sotrastaurin in combination with everolimus is ongoing.
Belatacept (Nulojix ® , Bristol Myers Squibb) is a second generation co-stimulation blocker that received FDA approval for use in kidney transplantation in June of 2011. It is the first of a new immunosuppressant class of drugs that is as effective as cyclosporine and better at preserving kidney function. Belatacept is administered as a well-tolerated intravenous infusion over 30 min. The recommended dosing is 10 mg/kg administered, prior to transplantation, on day 5, and at the end of weeks 2, 4, 8, and 12, then 5 mg/kg every 4 wk (plus or minus 3 d).
Abatacept, the parent molecule of belatacept, was approved by the FDA for rheumatoid arthritis and juvenile idiopathic arthritis and was considered as a potential agent for solid organ transplantation due to its unique mechanism of action. However, abatacept showed poor efficacy in pre-clinical studies on primate renal transplant models and this was attributed to incomplete blocking of the costimulation pathway due to its uneven CD80 and CD86 antagonism (approximately 5:1) in the antigen presenting cells [96] [97] [98] . Belatacept was developed by altering two amino acids in the B7 ligand binding portion of the abatacept molecule. This resulted in a 4 fold increase in CD86 antagonism and 2 fold increase in CD80 antagonism making belatacept about 10 times more efficacious in blocking the co-stimulation pathway [96] . Due to concentration dependent antagonism of the B7 ligands, belatacept has a weight based dosing regimen. Intravenous dosing is also another key difference of belatacept compared to other conventional immunosuppressive regimens.
A summary of the clinical trials published to date can be found in Table 5 . In the first 6-mo of a partially blinded, parallel group, phase 2 study, more intensive belatacept (11 infusions of 10 mg/kg over the first 6 mo, then 5 mg/kg infusions every 4-8 wk), less intensive belatacept (five infusions of 10 mg/kg over 3 mo, then 5 mg/kg infusions every 4-8 wk), and cyclosporine administrations were compared [99] . All patients received basiliximab, mycophenolate mofetil and corticosteroids (n = 218). Similar rates of acute rejection and graft loss occurred in each arms, while the glomerular filtration was statistically higher in each of the belatacept arms. The belatacept groups had less chronic allograft nephropathy, diabetes, hypertension and hyperlipidemia.
The efficacy and safety of belatacept in adult de novo kidney transplant patients were studied in two 3-year, phase 3, open-label, randomized, multicenter, activecontrolled studies: Belatacept Evaluation of Nephroprotection and Efficacy as First-Line Immunoprotection Trial (BENEFIT) and BENEFIT Extended Criteria Donor (BENEFIT-EXT) [100] [101] [102] . In both trials, patients were randomized into three groups: more intensive belatacept, less intensive belatacept and cyclosporine. All patients received basiliximab, mycophenolate and corticosteroids. BENEFIT -EXT was designed similarly to the BEN-EFIT trial with the inclusion of expanded criteria donors. In the BENEFIT trial, despite the higher incidence of acute rejection in the belatacept arm, at the end of the first year renal function was statistically superior in the belatacept arms (more intensive 65 mL/min, less intensive 63 mL/min, and cyclosporine 50 mL/min). Twoyear follow-up showed non-inferiority of two belatacept regimens when compared to a standard regimen of cyclosporine for the primary end-points of patient and graft survival in standard criteria kidney transplants and continued improvement in renal function (more intensive 65 mL/min, less intensive 68 mL/min, and cyclosporine 51 mL/min) [101] . In contrast in the BENEFIT-EXT trial, acute rejection rates were similar and renal function was statistically superior in the more intensive belatacept group, but not the less intensive group (more intensive 22%, less intensive 17%, and cyclosporine 7%) [102] . Threeyear follow-up of these trials demonstrated persistent improvement in renal function (mean change +21 mL/min in the BENEFIT and +10 mL/min in the BENEFIT-EXT) [103] . A major concern that arose from these trials was the high incidence of post-transplant lymphoproliferative disease in the belatacept treated Ebstein-Barr virus seronegative recipient arms. Therefore the drug is contraindicated in patients that are Ebstein-Barr virus seronegative.
One limitation of the BENEFIT and BENEFIT-EXT trials is that cyclosporine, a less contemporary immunosuppressive, was utilized. More recently, a trial was reported that incorporated a more current immunosuppressive regimen. In a phase Ⅱ, 1 year randomized study, belatacept/mycophenolate mofetil, belatacept/sirolimus and tacrolimus/mycophenolate mofetil, in combination with rabbit antithymocyte globulin and without corticosteroids were compared (n = 89) [104] . Acute rejection was highest in the belatacept/mycophenolate mofetil arm, graft loss was lowest in the tacrolimus/mycophenolate arm and renal function was improved in the belatacept arms.
A conversion trial was recently conducted to test the hypothesis that belatacept-based regimens may provide a treatment option for calcineurin-based maintenance immunosuppression. Patients who were less than 6 mo but greater than 36 mo after transplantation with stable graft function (calculated glomerular filtration rate ≥ 35 mL/min and ≤ 75 mL/min) were randomized to either switch to belatacept (n = 84) or continue calcineurin inhibitor treatment (n = 89) [105] . At month 12, the mean change in calculated glomerular filtration rate from baseline was higher in the belatacept group vs the calcineurin inhibitor group. Six patients in the belatacept group had acute rejection episodes, all of them within the first 6 mo; all cases were resolved with no allograft loss. At month 24, mean calculated glomerular filtration rate was 62.0 mL/min in the belatacept arm vs 55.4 mL/min in the calcineurin inhibitor arm [106] . The mean change in calculated glomerular filtration rate from baseline was +8.8 mL/min in the belatacept arm and +0.3 mL/min in the calcineurin inhibitor arm. The relative renal benefit of belatacept was observed in patients switched from either cyclosporine (+7.8 mL/min) or tacrolimus (+8.9 mL/min), and was observed regardless of baseline renal function. Patient survival, graft survival and the overall safety profile was similar between groups.
Belatacept is the first immunosuppressive to demonstrate a renal benefit over a calcineurin inhibitor based regimen. The chronic intravenous administration of the belatacept remains controversial. It could be prove beneficial due to increased patient compliance with less frequent (monthly) administration as compared to other daily and twice daily oral regimens. In contrast, it may be perceived as a barrier to patients without social support that cannot readily access an infusion center. Administration and drug costs may also influence prescribing patterns and patient compliance. Another special consideration for belatacept is that it has a relatively long half-life and cannot be discontinued in cases of severe infection. Further trials are needed to explore the longterm outcomes, the impact of Epstein-Barr virus on post-transplant lymphoproliferative disease, and chronic allograft nephropathy. These trials should include more current immunosuppressive regimens.
Tofacitinib (CP-690550, Pfizer Inc.), previously called tascocitinib, is a kinase inhibitor with immunosuppressant properties and is being developed by Pfizer. Its novel mechanism of action, successful preclinical results in prevention of acute graft rejection, as well as its recent successful clinical trials using an oral dosage form (compared to parenteral biologic alternatives) for autoimmune conditions such as rheumatoid arthritis and psoriasis make this a very promising agent for prophylaxis of acute rejection in solid organ transplant patients. In a normal immune response relating to the signal 3 cascade, cytokines bind and activate type-Ⅰ and type-Ⅱ cytokine receptors which in-turn activate the janus kinase (intracellular nonreceptor tyrosine kinases) phosphorylation reactions [107] . JAK-1 and JAK-3 dependent activation of the STAT (signal transduction and activator of transcription) transcription factors leads to IL-2 driven T-cell proliferation whereas JAK-2 phosphorylation leads to GM-CSF-driven proliferation of HUO3 cells [108] [109] [110] . Tofacitinib is a small molecule agent which exhibits selective inhibition for the JAKs, with more specificity for JAK-1 and JAK-3. Therefore it primarily targets and inactivates the JAK/STAT dependent IL-2 induced T-cell proliferation. Tofacitinib is being studied as a drug to be used in place of calcineurin inhibitors along with other antimetabolite agents, primarily to take advantage of the specificity of the agent in immunosuppression and also for its expected low adverse effect profile owing to this specificity and novelty in the mechanism of action. In a small initial clinical study on de novo kidney allograft recipients comparing tofacitinib regimen at 15 mg bid (CP15) and 30 mg bid (CP30) with tacrolimus, researchers reported the 6-mo biopsy-proven acute rejection rates to be 1 of 20, 4 of 20 and 1 of 21 for CP15, CP30 and tacrolimus groups respectively and concluded the 15 mg bid regimen to be similar to the tacrolimus regimen [111] . In a subsequent phase-2 trial (n = 322), a standard cyclosporine regimen was compared with a 15 mg bid regimen of tofacitinib which is subsequently switched to 10 mg bid after 3 mo (less-intensity) and another 15 mg bid regimen of tofacitinib which is switched to 10 mg bid after 6 mo (more-intensity). The biopsy proven acute rejection at 6 mo with the low-dose group (12.4%) was lower than the more-intensity or cyclosporine groups (16.1% and 17.7%, respectively) [112] . In terms of glomerular filtration rate at 12 mo, the tofacitinib groups (less-intensity: 64.7 mL/min and more-intensity: 64.6 mL/min) showed a significant difference in preservation of renal function compared to the cyclosporine group (53.9 mL/min).In this study, the researchers have seen a lower incidence of chronic allograft nephropathy in the more intense and less intense groups (25% and 23.9% respectively) compared to the cyclosporine group (48.3%) .
In a preliminary clinical study Busque et al [111] compared mycophenolate mofetil + tofacitinib regimens at 15 mg bid (CP15) and 30 mg bid (CP30) tofacitinib with mycophenolate mofetil plus tacrolimus and reported a high incidence of BK virus in the CP30 group (4/20) and similarly a higher 6 mo rate of CMV disease (4/20) compared to CP15 and tacrolimus (2/20 and 0/20 respectively). Some other common abnormalities noted with this agent were lipid elevations and a frequent anemia and neutropenia trending during the first 6 mo of the treatment. Gastrointestinal symptoms such as abdominal pain, diarrhea, dyspepsia and vomiting were some of the other common side effects reported with this agent [113] . In the phase 2 trial, there were also fewer cases of new-onset diabetes in the more-intense and less-intense groups (9.9% and 9.3% respectively) compared to cyclosporine (20.8%) [112] . The rate of serious infections, BK virus nephritis, posttransplant lymphoproliferative disorder and CMV disease was higher in the tofacitinib groups [112] .
Tofacitinib, with its novel mechanism of action, less potential for nephrotoxicity and excellent graft survival data, is an important addition to the immunosuppressive arsenal. Quaedackers et al [114] reported the analysis of P-STAT5 as a potential monitoring parameter to measure the level of immunosuppression by tofacitinib; such markers could be vital in guiding dosage regimens of JAK inhibitors in transplant patients. About 43%-45% of tofacitinib treated patients have reported to discontinue the medication by the end of 12 mo compared to only 28% of the cyclosporine group. This could be due to the side-effect profile of the medication [112] . Although there have been promising results in the renal protective nature of this agent, there has to be a proper screening protocol and compliance programs associated with further phase 3 studies that should monitor post-transplant lymphoproliferative disorder and address compliance.
ANTIBODY MEDIATED REJECTION
Historically, antibody mediated rejection has been very difficult to reverse and has not been well studied. Acute antibody-mediated rejection is less responsive to conventional anti-rejection therapy and has a worse prognosis than acute cellular rejection. Treatment regimens may include one or more of the following: plasmapheresis, intravenous immunoglobulin (IVIG), and rituximab [115] [116] [117] [118] [119] [120] [121] . The first prospective randomized study comparing these strategies (plasmapheresis/IVIG/rituximab vs IVIG alone) demonstrated improved graft survival in the combination group [121] . The KDIGO Clinical Practice Guidelines suggest treating antibody-mediated acute rejection with one or more of the following alternatives with or without corticosteroids: plasma exchange; intravenous immunoglobulin; anti-CD20 antibody; lymphocytedepleting antibody (Grade 2CRecommendation) [37] . A review of antibody mediated rejection has recently been published [122] .
Bortezomib (Velcade ® , Millenium Pharmaceuticals) has demonstrated promise in the treatment of acute antibody mediated rejection. Seven years after the initial synthesis in May of 2003, bortezomib was approved in the United States for multiple myeloma. Bortezomib, the only proteasome inhibitor that was approved by FDA, inhibits the degradation of cell-cycle regulatory proteins resulting in cell-cycle death via apoptosis. It is metabolized via the cytochrome P450 system, a major substrate of 2C19 and 3A4 and inhibitor of 2C19. Ketoconazole causes a 35% increase in bortezomib area under the time concentration curve, and bortezomib may decrease concentration of the active metabolites of clopidogrel, a 2C19 substrate. Over the counter products like grapefruit juice may cause an increase in bortezomib levels, St. John's Wart may decrease bortezomib levels, and green tea and ascorbic acid supplements may diminish the therapeutic effects of bortezomib. Adverse events associated with bortezomib are neutropenia, thrombocytopenia, nausea, vomiting, diarrhea, constipation (up to 50%), reversible peripheral neuropathy (up to 30%), hypotension, QT prolongation, heart failure, pneumonitis and pneumonia.
Bortezomib's ability to cause cell cycle arrest and apoptosis has intrigued the transplant community. Case series have reported the use of bortezomib to remove HLA antibodies in live-donor transplant recipients with HLA alloantibodies [123, 124] and to treat antibody and cell-mediated acute rejection [125] [126] [127] [128] . A comprehensive review of bortezomib use in renal transplantation has recently been published [129] . Reported dosing of bortezomib is 1.3 mg/m 2 on days 1, 4, 8, 11. No adjustments are necessary for renal impairment, but the dosage should be reduced by one-half for moder-ate to severe hepatic impairment.
Eculizumab (Soliris ® , Alexion Pharmaceuticals) is a humanized monoclonal IgG antibody that binds to complement protein C5, preventing cleavage into C5a and C5b. Blocking the formation of C5b inhibits the subsequent formation of terminal complex C5b-9 or membrane attack complex (MAC). Terminal complementmediated intravascular hemolysis is a key clinical feature of paroxysmal nocturnal hemoglobinuria, the products FDA indication. Blocking the formation of membrane attack complex results in stabilization of hemoglobin and thereby a reduction in the need for red blood cell transfusions.
The currently approved dosing is 600 mg intravenously (infused over 35 min), every 7 d for the first 4 wk, followed by 900 mg 7 d later; then maintenance of 900 mg every 14 d thereafter. The risk for meningococcal (Neisseria meningitides) infections is increased with paroxysmal nocturnal hemoglobinuria and maybe further increased in patients receiving eculizumab. Vaccination with meningo- coccal vaccine at least 2 wk prior to initiation of treatment is recommended. The most common side effects are headache, nausea, fatigue, back pain, cough and nasopharyngitis. Several case studies in renal transplant recipients have reported success in treatment of atypical hemolytic uremic syndrome with eculizumab [130] [131] [132] [133] [134] . Eculizumab has also been successful in reducing antibodies in a highly sensitized patient prior to live donor transplant [135] and in prevention of antibody mediated rejection in patients with donor specific antibodies and positive flow crossmatches (n = 4) [136] . In a larger case-control study, patients with donor specific antibodies who received pretransplant plasmapheresis and post-transplant eculizumab were compared to historical controls [137] . At a median follow up of 12 mo for the eculizumab group, antibody mediated rejection occurred in 7.7% (2/16) in the eculizumab group compared to 40% (20/51) in the control group (P < 0.001). Eculizumab 600 mg weekly for six doses with plasmapheresis has also been successful in reversing refractory, early (mean time 6.5 d), acute antibody mediated rejection in four transplant recipients [138] . Mean follow up time is 6.4 ± 5.7 mo, and while antibodies persisted in the majority of the patients, the allografts are functioning and infectious complications have not occurred.
Despite the small sample size and lack of randomized controls, these studies are encouraging, and although larger studies and long-term follow-up are needed, bortezomib and eculizumab may play a major role in antibody mediated therapy in the future. Their role in transplant desensitization may be better elucidated as more clinical data and well-designed clinical trials become available.
CONCLUSION
The past decade has brought about significant improvements to the immunosuppressive armamentarium. Evidenced based medicine has provided valuable information to manage post-transplant immunosuppression in the three categories of "induction", "maintenance" and "treatment of rejection". The FDA indications are listed in Table 6 .
Two drug classes are used for "induction": polyclonal antibodies (anti-thymocyte globulins) and IL-2 receptor antagonist (basiliximab). Basiliximab may be preferred in low-risk patients and rATG in high risk patients. Recently, alemtuzumab has shown promise in low-risk patients. Future research is warranted with alefacept.
"Maintenance" immunosuppressives consist of calcineurin inhibitors, mTOR inhibitors, antimetabolites and corticosteroids. Today tacrolimus is the most commonly used calcineurin inhibitor. Prolonged release tacrolimus providesonce daily dosing of this product and hopefully will simplify a complex post-transplant immunosuppressive regimen. At this point in the clinical trials, voclosporin, a cyclosporine analog, has not shown superior efficacy outcomes, but perhaps improvement in the safety profile (namely new-onset diabetes after transplant) will secure its place in transplant immunotherapy. Although calcineurin inhibitors have significantly lowered acute rejection rates, they are direct nephrotoxins and chronic allograft nephrotoxicity still persists. A potential alternative to the calcineurin inhibitor-based regimens are mTORinhibitors, sirolimus and everolimus. The de novo use of mTOR inhibitors although promising has been associated with many adverse effects and it appears the mTOR conversion is only successful in a subgroup of patients. Whether calcineurin inhibitor-free/sparing regimens using mTOR-I maintenance therapy is efficacious in the long term remains unknown. Currently there are three antimetabolites on the market: azathioprine, mycophenolate mofetil, and mycophenolate sodium.It is still unclear whether enteric coated mycophenolate sodium has a gastrointestinal side effect benefit over mycophenolate mofetil. These perceived benefits should be weighed with the cost savings benefit associated with generic mycophenolate mofetil. Three maintenance agents with novel mechanisms of actionto watch include: sotrastaurin, a protein kinase C inhibitor; belatacept, a recently approved costimulation blocker; and tolfacitinib, a JAK 3 inhibitor. Belatacept, the first immunosuppressive to demonstrate a renal benefit over a calcineurin inhibitor based regimen, may prove beneficial to the immunosuppressive maintenance regimens.
Treatment regimens for humoral rejection may include one or more of the following: plasmapheresis, intravenous immunoglobulin, and rituximab. Investigations of bortezomib and eculizumab, have been hindered by small, non-randomized trial. Although results are encouraging, larger studies and long-term follow-up is needed.
While awaiting further advances in the immunosuppressive armamentarium, we should be able to improve the functional life of most renal allografts by tailoring our available agents for induction and maintenance therapy. The information gained through further study in these complex regimens should provide innovative strategies and new immunosuppressive agents that will serve to extend the functional life of allografts without toxicity or infection.
